Stomatal conductance (g s ) and canopy temperature have been used to estimate plant water status in many crops. The behaviour of g s in sugarcane indicates that the internal leaf water status is controlled by regular opening and closing of stomata. A large number of g s measurements obtained across varying moisture regimes, locations, and crop cycles with a diverse sugarcane germplasm composed of introgression, and commercial clones indicated that there is a high genetic variation for g s that can be exploited in a breeding programme. Regardless of the environmental influences on the expression of this trait, moderate heritability was observed across 51 sets of individual measurements made on replicated trials over 3 years. The clone×water status interaction (G×E) variation was smaller than the clone (G) variation on many occasions. A wide range of genetic correlations (r g = -0.29 to 0.94) between g s and yield were observed across test environments in all three different production regions used. Canopy conductance (g c ) based on g s and leaf area index (LAI) showed a stronger genetic correlation than the g s with cane yield (tonnes of cane per hectare; TCH) at 12 months (mature crop). The regression analysis of input weather data for the duration of measurements showed that the predicted values of r g correlated with the maximum temperature (r=0.47) during the measurements and less with other environmental variables. These results confirm that the g c could have potential as a criterion for early-stage selection of clones in sugarcane breeding programmes.
Introduction
Sugarcane is a crop of major economic importance worldwide, and has been expanding due to an increase in demand for sucrose and bioenergy (electricity from biomass and ethanol). It is the second largest bioethanol crop, producing 1.7 Mt of biomass annually (FAOSTAT, 2013) . Productivity improvement is a major pathway to improve profitability of sugar industries, and is usually the key objective of sugarcane breeding programmes worldwide.
Stomata play a central role in regulating plant growth and water loss through simultaneously affecting rates of diffusion of both CO 2 and water vapour into and out of leaves. The potential impact of stomatal limitation via CO 2 diffusion on the rate of photosynthesis and on plant water use efficiency has been extensively discussed (Jarvis and Mansfield, 1981; Farquhar and Sharkey, 1982; Grantz, 1990) . Despite the importance of stomata and many decades of study, our understanding of the complex control mechanisms of stomatal functions is still fragmentary (Roelfsema and Hedrich, 2010) . However, extensive physiological studies have established the major factors affecting stomatal conductance (g s ) which include light, temperature, ambient vapour pressure deficit (VPD), plant water status, and internal CO 2 level (C i ). One of the most well understood roles of stomata is to maintain plant water status by restricting water loss during periods of low water availability or high transpirational demand due to VPD. A key role for stomata appears to be the co-ordination of plant hydraulic conductivity between the water supply rate of the rhizosphere and rate of water loss through the canopy boundary layer into the wider atmosphere, in order to help maintain plant water status and prevent xylem emboli arising from high tension and cavitation within water columns in xylem Meinzer, 1989, 1992; Meinzer and Grantz, 1990) . Photosynthesis and g s are usually found to be approximately linearly related, giving rise to relatively constant C i , although this relationship can be disrupted under conditions such as high temperatures which may induce stomatal opening (Zeiger, 1983; Feller, 2006) . Conductance among different genotypes has been correlated to their relative growth and yield in different environments (Condon et al., 2004) . A number of studies have shown a generally positive correlation across genotypes between g s (or negative correlation with leaf temperature) and yield (Blum, 1982; Blum et al., 1989; Reynolds et al., 1992 Reynolds et al., , 1994 Fischer et al., 1998; Araus et al., 2002; Olivares-Villegas et al., 2007) . Some studies have found a high (negative) genetic correlation between canopy temperature in a population of wheat genotypes under water stress, but a weaker (still negative) correlation under irrigated conditions (Olivares-Villegas et al., 2007) , while others have found correlations relatively unaffected by irrigation (Reynolds et al., 1994) .
A number of studies have indicated that crop breeding programmes have indirectly selected for high g s through selection pressure for yield. There is evidence for this in wheat (Fischer et al., 1998; Jiang et al., 2003) , cotton (Lu et al., 1998) , rice (Takai et al., 2010) , and sugar beet (Ober et al., 2004) , with more recent and higher yielding cultivars having higher conductance. However, no such relationship was found in the C 4 species sweet corn (Bunce, 2011) .
It has been suggested that the ability of genotypes to extract water from the soil under increasing soil water deficit was a major attribute of drought adaptation, and this is reflected in greater conductance under these conditions (Tardieu and Davis, 1993) . Conversely, under well-watered conditions, increased g s in high-yielding genotypes may be driven simply by higher photosynthetic demand. However, it is conceivable that such relationships may be complicated by other factors in certain environments, such as genotypes with high conductance (and fast rates of water loss) depleting water when there is insufficient moisture in the soil profile particularly at depth or by stomatal responses to high temperature.
Selection for yield is difficult in sugarcane breeding programmes, with estimates of yield in early stages of selection in small plots being subject to high interplot competition effects McRae, 1998, 2001 ) and sometimes high error variance. It is possible that measures of g s may add value in selection indices in these stages if these provide predictive capacity for yield. Stomatal conductance or measures related to g s such as leaf or canopy temperature (high leaf temperatures are associated with reduced conductance) have been suggested as potential selection criteria in breeding programmes for predicting both general yielding performance and G×E interactions across environments with limited water availability (Condon et al., 2004) .
In this study, genetic variation in g s and its genetic correlation with yield under conditions of varying moisture availability were examined. The concept and methodology of genetic correlations are well established in quantitative genetics and breeding (Falconer and Mackay, 1996) . Genetic correlations provide an estimate of the correlation of the genetic effects between two traits for a set of genotypes, are widely used in breeding programmes to interpret causes of association between traits, but arguably are underutilized in interpreting physiological experiments involving genetic variation. Genetic correlations differ from phenotypic correlations (i.e. correlations between the directly observed means or phenotypes of a set of genotypes for two traits) in that phenotypic correlations do not distinguish the relative contribution of correlated genetic effects versus correlated experimental error effects (including within-experiment environmental) in contributing to observed trait relationships.
The genotypes included in this study were diverse; consisting of both commercially grown cultivars and relatively unselected clones of only two or three generations from the wild progenitors of sugarcane. The yield responses of these clones to contrasting levels of water stress were reported by Basnayake et al. (2012) . A key result of that study was the relatively small genotype×water treatment interactions, except where very severe water stress occurred. In the study reported here, g s was measured in a common set of genotypes under a wide range of conditions and times, and results were related to observed yield. The study was designed to test the hypotheses that: (i) significant genetic variation in patterns of g s exist among sugarcane genotypes; (ii) that the variation measured under particular conditions may explain genetic differences in crop growth and final yield; and (iii) that g s measured under appropriate conditions may be used to help develop better selection indices in sugarcane breeding programmes. At the outset of the experiment it was not known to what extent different environmental conditions may affect patterns of genetic variation in conductance or its relationship with yield, and therefore many sets of conductance measurements were made across a wide range of contrasting environmental conditions including contrasting levels of water availability and a wide range of weather conditions.
Materials and methods

Field experimental design
A set of 131 sugarcane clones was established in field experiments at three different sites [Home Hill (HH) , Crystal Creek (CC), and Dalbeg (DB)] from 2007 to 2012 within sugarcane-growing regions in north-east Queensland, Australia. The genotypes, experimental design, and crop management were described previously by Basnayake et al. (2012) , but important details are briefly described here. In all experiments, the unit plot size was 4 rows×10 m, with 1.52 m inter-row spacing. A split-plot design was used at the Home Hill and Dalbeg sites, with contrasting irrigation levels imposed as whole-plot treatments and genotypes as subplots. At least three buffer rows (with 1.52 m inter-row space) between the whole plots were maintained to prevent lateral water movement between treatments. The experiment at Crystal Creek was conducted only under rainfed conditions using a randomized complete block design. The crops were grown following conventional best management practices and evaluated across three crop-years [plant crop (PC), first ratoon crop (1R), and second ratoon crop (2R)]. Recommended nutrient applications for all crops for each site were made to ensure that nutrients did not limit growth. Matured crops were harvested in June or July each year at an approximate age of 12 months.
The combination of experimental sites (three), water treatments: fully irrigated (IR), half-irrigated (HI), and rainfed (imposed water stress, RF) at Dalbeg, and fully irrigated and rainfed at Home Hill; and crop-years (three) gave a total of 18 test environments (i.e. site×irrigation treatment×year combinations) for assessing the genotypes. However, the 1R crop of the half-irrigated treatment at Dalbeg was badly affected by cyclone Yasi on 3 February 2011 and the data were not considered reliable; therefore, only 17 test environments were used for the analyses. Also, ~30% of the cyclone Yasiaffected plots experienced harvesting damage due to stool tipping, resulting in significant gaps within plots. Hence, early biomass and leaf area measurements at the 6 month stage were not available for the 2R crop at this site.
Water supply (irrigation+rain)
Irrigation, where applied, was by furrow application as described earlier (Basnayake et al., 2012) . Water treatments (fully irrigated, half-irrigated, and rainfed) were conducted during spring (September-November for the early stage of crop growth) and autumn/winter (March-August for the late stage of crop growth). Both rainfed and irrigated treatments received adequate rainfall during the normal wet season period between mid and late summer (late December-March), and no irrigation was applied during or after this period in each crop (Basnayake et al., 2012) .
Description of moisture stress using APSIM
The crop model APSIM sugarcane (Keating et al., 1999 ) version 7.3 was used to characterize the relative timing and level of water stress in the different environments sampled in the field experiments. The inputs included local weather data collected at each site (Home Hill, Crystal Creek, and Dalbeg) and soil physical properties from soil types most closely matching those in the experimental field. The model outputs examined were soil moisture content, root water supply, and crop water demand (water balance). A water stress index was defined as the fraction (0-1) of water demand that could be supplied by the roots. One minus this fraction was added to a 'stress day' variable each day after planting or ratooning as an index of the cumulative stress on the crop (Basnayake et al., 2012) .
Genotypes
A genetically broad-based population (131 clones) comprising selected clones (29 commercial varieties, 19 advanced breeding lines, and five foreign varieties) and relatively unselected clones (one or two generations from crosses between wild canes and elite sugarcane parents) were evaluated. Details of the genetic background of test clones were described previously (Basnayake et al., 2012) . The Crystal Creek and Home Hill experiments included 99 and 89 clones, respectively, with 57 common clones across the two experiments. A subset of 40 clones from the Home Hill experiments were used for the Dalbeg trial. Twenty-seven clones were common across all three experiments, comprising commercial cultivars, breeding lines, and introgression clones.
Biomass and leaf area measurement prior to the wet season
Biomass accumulation and leaf area during the first half of the crop cycle in all treatments were estimated at the Dalbeg experiment in December in each crop-year ~6 months after planting or harvesting the crop. Sixteen shoots from the two middle rows of each plot were sampled. Green leaves (lamina), leaf sheath, dead (dried) leaves, and the stem of each shoot were separated and their fresh and dry weights (drying at 60 °C for 6-7 d) were recorded. The fraction of lamina dry weight relative to the total shoot dry weight was also estimated. The leaf (lamina) areas of three shoots (large, medium, and small) were measured using a LiCOR 3000 leaf area meter (LiCOR, Lincoln, NE, USA) and the dry weights of the same leaves were recorded for all clones to determine the specific leaf area. The total number of shoots in 6 m of the two middle rows was counted and used to estimate the total shoot count per plot (20 m). The lamina dry weight and total leaf area per plot (based on the two middle rows) were calculated using the specific leaf area of each clone. The leaf area index (LAI) was estimated using the total leaf area of the shoots from 30.4 m 2 of the land area. No biomass or leaf area measurements were conducted in the Home Hill and Crystal Creek experiments.
Cane yield (measured in tonnes per hectare, TCH) was measured in all plots in each experiment at ~12 months. In order to obtain cane yield (plot weight), the two middle rows of each plot were harvested using a commercial harvester and weighed (Basnayake et al., 2012) .
Stomatal (g s ) and canopy (g c ) conductance
Stomatal conductance (g s ; measurements at leaf level) was measured in all plots on several different occasions in each of the 17 test environments described above. A total of 51 sets of measurements of g s were made, with each set of measurements corresponding to a combination of date of measurement, clone, and test environment. The dates of measurement in each experiment are shown in Table 2 .
For each measurement, g s of the youngest fully expanded leaf of three plants from each plot was measured between 10:00 h and 14:00 h using a leaf porometer (SC-1 Decagon Devices, Inc., USA). Leaves used for measurements were in their natural orientation and hence exposed to sunlight at various angles. Therefore, the average g s was expected to represent an unbiased estimation under normal canopy conditions. A g c index at Dalbeg was defined as the LAI estimated at ~6 months after planting or harvesting the plant or ratoon crops multiplied by the g s measured at each time.
Statistical analysis
An analysis of variance (ANOVA) was initially performed for each of the 51 measurements to examine heterogeneity of error and genetic variances. The following statistical model was used to partition the genetic variance as described by Cockerham (1963) :
where Y ij =observed g s of the ith genotype in the jth block (average of two samples per plot); μ=mean of all observations; g i =effect of the ith genotype; i=1 to 89, 99, or 40 (number of clones in Home Hill, Crystal Creek, and Dalbeg experiments, respectively); b j =effect of jth block; (gb) ij =interaction effect between the ith genotype and the jth block (referred to as experimental error). Genetic and error variances were estimated, and broad sense heritability ( h b 2 ) on the basis of genotype means was estimated for each of the 51 measurements as described by Fehr (1987) : Analyses were also conducted across multiple treatments for particular dates of measurement, and the variance components of genetic and genotype×treatment interaction were estimated. Measurements of g s in different water treatments made on the same dates at Home Hill and Dalbeg experiments were used for the combined analysis. Genotypes (or clones) were considered as random effects while the water treatments were treated as fixed effects for the variance component analysis within the following model (Cockerham, 1963) :
where, Y ijk =observed g s of the ith genotype in the jth water treatment in the kth block (mean of two samples per plot); μ=mean of all g s observations; t j =the effect of jth water treatments; j=1, 2, or 3; b kj =effect of jth treatment within the kth block; k=1, 2, or 3 (error 1); g i =effect of the ith genotype; i=1 to 89 (Home Hill experiment) or 1 to 40 (Dalbeg experiment); (gt) ij =interaction effect between the ith genotype and the jth water treatment; and (gb) ijk =interaction effect between the ith genotype and the kth block within the jth treatment (error 2). The genetic ( σ 2 g ) and phenotypic ( σ 2 p ) variance components were estimated from the combined analysis, and heritability was estimated on the experiment mean. The broad sense heritability for g s was estimated using the following formula:
gt , and σ 2 e are genetic (G), G×water treatment (G×E) interaction, and error variance components, respectively, and n t and n k are the numbers of observations and blocks, respectively.
Genetic correlations between g s for each of the 51 sets of measurements and the corresponding cane yield in the same location×treat ment×year×combinations were estimated from Kempthorne (1989) : Cov g(xy) is the genetic covariance of the product of two traits or measurements (x and y are the particular g s and TCH measures being analysed) and σ 2 gx and σ 2 gy are the genetic variances of the two traits. Phenotypic variances and covariances were used to estimate the phenotypic correlation using the same statistical procedure. Approximate standard errors for genetic and phenotypic correlations were estimated using the method of Tallis (1959) .
Results
Weather and growing conditions across test environments
Weather conditions for some environments (i.e. each location×crop-year combination) were reported previously (Basnayake et al., 2012) but are shown again here together with weather for environments not included in the early paper (i.e. 1R and 2R environments in Dalbeg) (Figs 1, 2) . In general, weather patterns followed typical conditions for tropical sugarcane-growing regions. Maximum temperatures ranged from ~25 °C in winter to 38 °C in summer, and VPDs ranged from ~1 kPa to 3 kPa between winter and summer, respectively. Rainfall generally followed the distinct pattern of higher precipitation between the summer months of December and April, with much lower rainfall in winter and spring months between May and November (Fig. 2) .
In all environments, crop growth commenced in winter after planting (in the case of plant crops) or re-growth (ratooning) following harvest (in the case of ratoon crops) and progressed for 1-3 months without significant water stress, as indicated by the cumulative stress days (as defined by Basnayake et al., 2012) remaining at zero until spring or early summer (Fig. 2) . In spring and early summer, for most cases, there was a strong contrast between water stress experienced in the rainfed treatment and the irrigated treatments. Very few (or zero) cumulative stress days were experienced in the irrigated environments. In the plant crop at Home Hill, the rainfed treatment did not give rise to stress days prior to the onset of the summer wet season, but severe levels of stress were experienced following the summer prior to harvest. Early re-growth in ratoon crops at Home Hill, particularly 2R, experienced critical stress days prior to the wet season.
At the Crystal Creek site (which only had the rainfed treatment) a small number of stress days were experienced in the plant crop, none in the 1R, and a large number (nearly 40) in the 2R crop. At the Dalbeg site, periods of severe stress occurred in late spring and early summer in both the plant and 2R crops, but not in the 1R crop.
Leaf area and biomass
Results from the Dalbeg site for total biomass and LAI at ~6 months after planting (plant crop) or harvesting (ratoon crops) indicated a large impact of water stress in the rainfed treatments relative to the irrigated treatments (Table 1) . Mean cane yields of each site×year combination, as indicated in Table 1 , show the overall size of impact of differences in water availability between the irrigated and rainfed treatments for the experiments at the Dalbeg and Home Hill sites. The growth recorded was associated with number of stress days for different environments as depicted above, with lowest yields occurring in the 2R rainfed treatments at Dalbeg and Home Hill, where the largest numbers and longer periods of stress days were observed. In contrast, 1R at Dalbeg (in 2011) had the highest rainfall during spring and summer seasons, resulting in a small difference between treatments. It is noted that final cane yields of irrigated treatments in the 2R crop were much lower than in the previous two crop-years as those treatments were the most affected by cyclone Yasi in the previous year (Table 1) .
Variation in stomatal conductance (g s ) Environmental variation
Stomatal conductance was measured in 51 different environments (site×treatment×date combinations) during the premonsoon period (usually September-November) each year before the cane became large and difficult to measure. During this period, contrasting levels of stress between the rainfed and irrigated treatments were frequently observed (Fig. 2) and, as expected, this was reflected in the varying mean levels of g s (Table 2) . A large environmental variation in g s was observed across the course of the study, with the highest mean (i.e. mean across all clones for the time of measurement) g s being 428 mmol m -2 s -1 (30 September in 1R rainfed at Home Hill) and the lowest being 57.6 mmol m -2 s -1 in the 2R rainfed at Home Hill where the stress condition was severe and prolonged in December 2009 (Fig. 2) . Overall, there was a correlation (P<0.05) observed between mean g s and the crop stress index, the crop water supply/demand ratio (Fig. 3) .
Genetic variation
Highly significant genotypic variation was found for most times of measurement, but there was a large range in broad sense heritability (Table 2) . Genetic variance for g s varied greatly, as did error variance. Genetic and error variances were not related to mean levels of conductance (data not shown), and generally no significant associations were found between genetic variance, error variance, heritability, and most weather variables (e.g. daily temperature and VPDs shown in Fig. 1) . A notable and interesting exception was for a negative association observed between genetic variance and evaporation (r= -0.37, P<0.01) and a positive association between genetic variance and the stress index as defined above (i.e. greater stress induced less genetic variance, r=0.27, P=0.05).
ANOVAs across treatments were conducted for measurements collected on specific dates (Table 3) . These showed ; dotted line), and vapour pressure deficit (kPa: grey bars) during 3 years of experiments at Crystal Creek, Home Hill, and Dalbeg in three crop cycles.
that genetic variance was significant in all cases, and for most cases greater than genotype×treatment interaction variance, indicating generally relative consistency in genotype performance across different water availability conditions. Genetic correlations between g s across all site×treatment×date combinations were generally positively correlated, as shown in the sample of correlations presented in Table 4 . The correlation matrix for genotype performance between all 51 measurements (i.e. site×year×treatment×date combinations) of g s was analysed using principal component analysis. The first component described ~31% of the total variance within the data, which represents a high proportion of non-error variance, considering that the average broad sense heritability for the 51 measurements was ~0.5 (Table 2) . The relatively high proportion of variance accounted for by the first component and positive loading of all environments is indicative of a generally consistent pattern of ranking of genotypes across many environments and is consistent with the results from ANOVAs across treatments and the consistently positive genetic correlations between environments depicted in Table 4 .
Genetic correlations between stomatal conductance and cane yield
Genetic correlations between g s for each of the 51 observations (i.e. observations made at each site×treatment×date combination) and cane yield of the clones were estimated. The average cane yield used for these correlations was calculated with the data from the 40 common clones collected across Table 2 b Thirty-day period between irrigated and rainfed measurements on plant crop at Home Hill.
Stress index (supply -demand ratio) Non stress Fig. 3 . The relationship between mean stomatal conductance and the stress index (crop water supply/demand ratio) for 51 measurement times. RF, rainfed; HI, half-irrigated; IR, fully irrigated. The r 2 =0.27 (P<0.05) was based on analysis of measurements when the stress index was lower than 1.0, and included 15 of the 51 measurement times.
Table 4. Genetic variances and genetic correlations of stomatal conductance (g s ) between 17 test environments including 2-3 irrigation treatments and three crop cycles at Crystal Creek, Home Hill, and Dalbeg
Descriptions of codes for the 17 test environments are shown in Table 2 .
Genetic variance Observation CC1-1 CC2-2 CC3-1 HH1-1 HH2-5 HH3-1 HH4-1 HH5-3 HH6-1 DB1-4 DB2-3 DB3-2 DB4-1 DB5-3 DB6-1 DB7-1 DB8-1 each measurement was negatively correlated (r= -0.43) with the magnitude of these genetic correlation values, while mean temperature and the vapour pressure had lower but still statistically significant negative correlations of -0.25 and -0.18, respectively (Fig. 4) . Indicators of general water stress such as the water supply to demand ratio (Fig. 2) were not associated with magnitude of the genetic correlation between g s and cane yield. However, if only those occasions in which there was some water stress indication were considered (i.e. when the supply to demand ratio was <1.0), then a negative correlation (r= -0.25) between the stress index and the magnitude of the genetic correlation between conductance and average cane yield was observed (Fig. 4) . The impact of leaf area on g s was investigated for the environment in Dalbeg, where leaf area was estimated in all clones at ~6 months after planting (plant crop) or harvesting Fig. 4 . Relationship between environmental variables (maximum and minimum temperature, mean temperature, evaporation, vapour pressure deficit, and the stress index) when each set of stomatal conductance measurements was made, and the genetic correlation between g s and average TCH based on 51 g s observations taken from Home Hill, Crystal Creek, and Dalbeg experiments over plant, 1R, and 2R crops. RF, HI, and IR indicate the rainfed, half-irrigated, and irrigated treatments, respectively.
(ratoon crops). Analyses of leaf area data indicated a significant genotype main effect and genotype×environment interaction effects, particularly interactions involving crop class (Table 5 ). The variance component for genotype×water treatment×crop interaction was large (0.307), similar to that of genotype.
An index of g c for each time of g s was determined from the product between g s and LAI (g s weighted for canopy level). It should be noted that the leaf area values used were estimated from sampling on one date, and therefore did not represent the actual leaf area at each time the g s was measured (Table 6 ). Notwithstanding the limitations in estimating leaf area, moderate to large genetic correlations were observed between g c and site cane yield (Fig. 5) . These correlations were generally larger than the genetic correlations between g s and site cane yield.
Discussion
Average cane and sugar yield in Australia and most other important sugarcane-growing countries has been more or less static for decades (FAOSTAT, 2013) . Even in the best case scenarios, the current commercial yields are only 65% of the predicted capacity of sugarcane (Moore et al., 1998) . Hence, yield improvement in both irrigated and rainfed production areas is a high priority for sugar industries and sugarcane breeding programmes worldwide. However, selection for cane yield is difficult in sugarcane breeding, particularly in early stages of selection, due to large interplot completion and error variance McRae, 1998, 2001; Stringer et al., 2011) . In this regard, a potentially important finding of this study was the generally positive and occasionally high genetic correlations between g s or g c and cane yield estimated early in a crop's growth. Estimates of these correlations, however, varied greatly, ranging from negative -0.29 to 0.94, and the variation was large in both fully irrigated and water deficit conditions. Heritability also varied considerably under different conditions. The reason for these variations is not evident in this study but some possible causes are discussed in the section below. At this stage, the conditions that maximize the trait (g s )-yield relationship cannot be clearly defined using available data. However, on average, higher correlations were observed when g s was measured under low temperature, and this observation provides a lead for further investigations.
Stomata respond to both external (e.g. light, VPD, and temperature) and internal (e.g. hormones and water potential) cues to maintain hydraulic conductivity in the soil-plant continuum and control gaseous exchange between the leaf and atmosphere to balance the demands of evaporative cooling and photosynthesis (Jarvis and Mansfield, 1981; Mansfield, 1986; Grantz, 1990; Vadez et al., 2014) . Despite a wealth of data on stomatal responses to various external and internal factors, there are no common, widely applicable regulatory mechanisms explaining these responses across species. This is because a multitude of factors and their interactions, with large spatiotemporal variation, control stomatal activities. This regulatory complexity is further precipitated by the large genetic variation for stomatal sensitivity to various controlling factors (Sinclair, 2012) . For example, cotton genotypes with stomata that are relatively less sensitive to large variation in air humidity and temperature outperform others in fully irrigated arid regions, while such clones perform poorly under similar but water deficit conditions (Radin et al., 1994) . Such production environment-dependent stomatal and yield responses appear to be the case in the sugarcane population tested in this study as evidenced by the observed variation in trait (g s )-yield correlation, ranging from negative to highly positive values. Positive genetic correlations between g s and yield, often high, have been observed in other crops under field conditions (Blum et al., 1989; Reynolds et al., 1994; Fischer et al., 1998; Lu et al., 1998; Jiang et al., 2003; Ober et al., 2004; Olivares-Villegas et al., 2007; Bunce, 2010; Takai et al., 2010) . Further, several studies have shown that breeding programmes have indirectly selected for high conductance for yield in many crops (Fischer et al., 1998; Jiang et al., 2003; Horie et al., 2006; Zheng et al., 2011; Prashar et al., 2013) . From the data presented here (Fig. 4) , the conditions at the time of measurement affect the g s -yield relationship in sugarcane, with measurements made at relatively lower temperature on average appearing to have the highest trait-yield correlations. In sugarcane, g s per unit leaf area was found to increase with leaf area up to 0.2 m 2 per plant and then declined to maintain plant water status to a nearly constant level over a wide range of plant size and growing conditions (Meinzer and Grantz, 1990) . A similar relationship between whole-plant hydraulic conductance and plant size was reported in other crops (Fiscus and Markhart, 1979) . This stomatal adjustment to the ratio of total hydraulic conductance to total transpiring leaf area and the large genetic and environment-dependent variation in leaf area may partly explain the generally higher correlations with yield for g s adjusted to leaf area compared with g s alone. This is further attested by the finding that conductance estimated at canopy level (g c ) at the 3-6 month stage showed high genetic correlations (~0.7-0.9) with site cane yield in multirow plots across multiple environments.
Broad sense heritability of g s estimated on an individual environment (i.e. particular time×site×treatment combination) basis varied widely. However, in most cases at least moderate levels (>0.5) of heritability were achieved particularly under irrigated conditions. Under water stress, higher error variances may be due to heterogeneity in moisture depletion across the experiment. This impact has also been noted in other studies (Saliendra and Meinzer, 1989; Saliendra et al., 1995) . The genetic correlation between mature cane yield in single row plots, typically used in early stage breeding programmes, and multirow plots at the same site with a set of unselected clones is ~0.5 (Jackson and McRae, 1998) . Correlations between yields estimated in individual seedlings would be expected to be even smaller than 0.5. If measurements of g c could be made to provide moderate to high (e.g. >0.5) genetic correlations with cane yield consistently, and with similar levels of broad sense heritability, these could add considerable value to selection indices. Use of g s or g c as a selection trait in breeding programmes will require rapid, high-throughput screening methods suitable for large selection trials. Semi-automated methods for continuous aerial imaging of leaf area or canopy size and measurement of g c are being developed for a range of crops (Sullivan et al., 2007; Berni et al., 2009; Winterhalter et al., 2011; Rebetzke et al., 2013; Chapman et al., 2014; Deery et al., 2014) , and this approach would seem to provide a means for practical and low-cost data collection. Monitoring how conductance changes under different conditions (e.g. in response to VPDs) may provide additional predictive ability of water use efficiency and responses to different production environments. Grantz et al. (1987) reported light and VPD as dominant environmental inputs to variation in g s in sugarcane. However, from the results of the present study, it would appear that high temperature may affect the genetic correlation between g s and yield more than vapour pressure and stress index (water supply/demand ratio). It may be hypothesized that the apparently adverse impact of high temperature on the relationship between conductance and yield (Fig. 4) may be due to the genetic variation in stomatal response to high temperature. Stomata are known to respond to temperature, either for cooling (i.e. opening in response to high temperature) (Grantz, 1989) or due to an indirect impact of VPD affected by temperature. Differential genetic variation in stomatal response to high temperatures may complicate an underlying association between g s and photosynthesis. Regardless, the finding that the genetic association between g s and cane yield appears greatest under relatively low temperatures provides a lead for further research to understand the mechanisms involved in the yield-conductance relationship in sugarcane.
Further research is warranted to determine the conditions under which the genetic correlation between conductance and yield is maximized. This would be expected to be assisted by better understanding of the physiological basis for this relationship. Stomatal conductance is known to respond to internal leaf CO 2 concentration, such that higher rates of photosynthesis will generally induce stomatal opening. Therefore, g s under non-stressed to moderately stressed conditions may be reflective of the relative plant photosynthesis rate and general vigour, and this may be one underlying factor contributing to the correlation between general yielding ability and conductance.
